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Sr3Cr2O8 consist of a lattice of spin-1/2 Cr
5+ ions, which form hexagonal bilayers and which are
paired into dimers by the dominant antiferromagnetic intrabilayer coupling. The dimers are coupled
three-dimensionally by frustrated interdimer interactions. A structural distortion from hexagonal
to monoclinic leads to orbital order and lifts the frustration giving rise to spatially anisotropic
exchange interactions. We have grown large single crystals of Sr3Cr2O8 and have performed DC
susceptibility, high field magnetisation and inelastic neutron scattering measurements. The neutron
scattering experiments reveal three gapped and dispersive singlet to triplet modes arising from the
three twinned domains that form below the transition thus confirming the picture of orbital ordering.
The exchange interactions are extracted by comparing the data to a Random Phase Approximation
model and the dimer coupling is found to be J0 = 5.55meV, while the ratio of interdimer to
intradimer exchange constants is J ′/J0 = 0.64. The results are compared to those for other gapped
magnets.
PACS numbers: 75.10.Jm, 75.25.+z
I. INTRODUCTION
Over the last decade, many exotic quantum phenom-
ena have been observed in spin dimer systems. For ex-
ample TlCuCl3, which consists of spin-1/2 dimers cou-
pled in a three-dimensional lattice, has a spin-singlet
ground state and a gapped dispersive one-magnon ex-
cited state. Application of a magnetic field causes Bose-
Einstein condensation of magnons at a critical field Hc,
while for higher fields magnetization increases smoothly
to saturation1,2. BaCuSi2O6 consists of Cu
2+ ions ar-
ranged on a bilayer of square lattices with unfrustrated
antiferromagnetic couplings. The intrabilayer coupling is
dominant so that the system can be regarded as a square
lattice of dimers. The ground state is again a singlet, the
excitations are dispersive gapped magnons3,4 and as for
TlCuCl3, magnetization increases smoothly above a criti-
cal field. The spin-1/2 Shastry-Sutherland antiferromag-
net SrCu2(BO3)2 consists of spin-1/2 dimers arranged at
right angles to each other so that the interdimer cou-
plings are competing. The ground state is again a singlet
and the excitations form a gapped mode whose disper-
sion bandwidth is suppressed by frustration5. Magneti-
zation is characterized by a critical field and for higher
fields a series of magnetization plateaux are found where
the condensed magnons form superlattices with sponta-
neous breaking of translation symmetry known asWigner
crystallization6.
Recently a new set of dimerized antiferromagnets with
formula A3M2O8 (A=Ba, Sr and M=Mn, Cr) have been
investigated. In these compounds the magnetic ion (Mn
or Cr) is in the 5+ oxidation state leading to spin-1
in the case of Mn5+ and spin-1/2 in the case of Cr5+.
These compounds crystallize in a hexagonal structure
with space group R3¯m at room temperature. The mag-
netic ions lie on hexagonal bilayers where the dom-
inant intrabilayer interaction is antiferromagnetic and
gives rise to the dimerization. These dimers are cou-
pled three-dimensionally, both within the bilayers and
between bilayers to give a highly frustrated arrange-
ment. Ba3Mn2O8 maintains the hexagonal structure
down to the lowest temperatures. Stone et al.7 found that
the magnetic excitations are gapped, dispersive magnons
modes typical of a dimerized magnet. Magnetic exchange
constants have been extracted by fitting the single mode
approximation to the data7, and by spin dimer analysis
based on a extended Hu¨ckel tight binding calculation8.
The magnetization shows two magnetic plateaux. The
first is due to a triplet condensation into the ground state
and the second is a quintet condensation. Critical prop-
erties of Ba3Mn2O8 have also been extensively studied by
Suh and Samulon9 who find that the critical points can
be defined as a Bose Einstein condensation of magnons
tuned by an external magnetic field.
In the case of Ba3Cr2O8 and Sr3Cr2O8 the unusual
5+ valence state of Chromium results in a single electron
in the 3d shell. The Cr ion is surrounded by an oxygen
tetrahedron and this crystal field splits the 3d levels so
that electron occupies the doubly degenerate lower ly-
ing e orbitals. The Cr5+ ion in this environment is thus
Jahn-Teller active and a Jahn-Teller distortion lifts both
the orbital degeneracy and magnetic frustration. This
distortion has been confirmed in Ba3Cr2O8 by neutron
powder diffraction where additional peaks correspond-
ing to the monoclinic C2/c symmetry were found10. In
addition three gapped and dispersive excitation branches
were observed in inelastic neutron scattering, correspond-
ing to the three twinned domains that form below the
2transition10. The magnetic excitations were fitted by a
random phase approximation model (RPA) and the inter-
dimer couplings were shown to be spatially anisotropic as
would be expected in the monoclinic phase10. The mag-
netization was also consistent with gapped excitations
showing zero magnetization up toHc = 12.5T and then a
smooth increase up to saturation at Hs = 23.6T
11,12. A
combination of neutron diffraction, heat capacity, magne-
tocaloric effect and magnetic torque measurements were
performed at high magnetic fields to map out the phase
diagram as a function of field and temperature around
the critical fields11,12. The extracted critical exponents
were found to be consistent with theoretical predictions
for a three-dimensional Bose-Einstein condensation atHc
although not at Hs.
Here we investigate the magnetic properties of
Sr3Cr2O8, which has very recently also been found to
show Bose-Einstein condensation behaviour13. The room
temperature crystal structure of Sr3Cr2O8 was solved in
1989 by Cuno and Mu¨ller and found to be hexagonal
with space group R3¯m14. A decade later the thermo-
dynamic properties were investigated by Jacob15, but
their samples were shown by XANES to have a mixed
valence state. Much more recently Singh et al.16 mea-
sured DC magnetic susceptibility and heat capacity on
polycrystalline samples. The susceptibility revealed a
spin singlet ground state and could be fitted by a model
of weakly coupled dimers with intradimer exchange con-
stant of 5.34meV at base temperature, while the spe-
cific heat confirmed the absence of long range magnetic
order in this compound. Chapon et al. performed pow-
der neutron diffraction and found that Sr3Cr2O8 under-
goes a structural phase transition below 275K to a mon-
oclinic structure with space group C2/c17. The transi-
tion is thought to be a cooperative Jahn-Teller distortion
that lifts the degeneracy of the e orbitals, stabilizing the
3z2 − r2 orbital at lower energy than the x2 − y2 and
giving rise to antiferro orbital ordering. This ordering al-
ters the magnetic exchange paths and lifts the magnetic
frustration. At room temperature in the hexagonal phase
the lattice parameters are ah = bh = 5.57 A˚, ch = 20.17 A˚
while at 1.6K in the monoclinic phase the lattice param-
eters are: am = 9.66 A˚, bm = 5.5437 A˚, cm = 13.7882 A˚,
β = 103.66◦. The subscript ‘h’ denotes hexagonal nota-
tion and ‘m’ monoclinic.
Figure 1 shows the network of Cr5+ ions forming the
structure of Sr3Cr2O8. The hexagonal layers lie in the
(ah, bh)-plane and are paired into bilayers in the ch di-
rection. These bilayers are in turn stacked along ch in
a repeated ABCABC pattern. The shortest Cr5+-Cr5+
distance is the first neighbor intrabilayer distance (la-
beled d0 in figure 1a) and the corresponding coupling
constant is J0. In the high temperature hexagonal phase
the Cr5+ ions, within the hexagonal layers, are separated
by distance d2 and are coupled by the exchange constant
J2. However below the structural distortion the hexago-
nal distances become unequal (labeled d′2, d
′′
2 , d
′′′
2 in Fig
1) corresponding to three different exchange interactions
J ′2, J
′′
2 , and J
′′′
2 . The same is true for the third neigh-
bor intrabilayer exchange constant and the interbilayer
interactions. These spatially anisotropic exchange inter-
actions would result in crystal twinning since there are
three possible ways in which the hexagonal symmetry can
be broken to form the monoclinc structure.
FIG. 1: (Color online) The low temperature (monoclinic)
crystal structure of Sr3Cr2O8 giving the magnetic Cr
5+ ions
only. (a) Shows the bilayer structure, (b) Shows the ‘hexag-
onal’ plane. The exchange interactions and Cr5+-Cr5+ dis-
tances are labeled on the diagram.
In this paper we investigate the magnetic properties
of Sr3Cr2O8. We study the system using DC suscep-
tibility, high field magnetization and inelastic neutron
scattering on both powder and single crystal samples.
We show that Sr3Cr2O8 is indeed a dimerized magnet
with J0 = 5.55meV and substantial three-dimensional
interdimer couplings. The neutron scattering data re-
veal three excitation modes corresponding to the three
twinned domains thus confirming the Jahn-Teller distor-
tion and the spatially anisotropic exchange interactions
that arise at this transition. The data are compared to a
RPA model and the exchange constants are determined.
The results are compared to those for Ba3Mn2O8 and
Ba3Cr2O8 and are discussed in relation to other gapped
magnets.
II. EXPERIMENTAL DETAILS
Single crystalline samples of Sr3Cr2O8 were growth in
the Crystal Laboratory at the Helmholtz Zentrum Berlin
fu¨r Materialien und Energie (HZB) in Berlin, Germany.
The initial powders were synthesized by a solid state re-
action. Stoichiometric amounts of SrCO3 (99.994% pu-
rity, Alfa Aesar) and Cr2O3 (99.97% purity, Alfa Ae-
sar) were mixed thoroughly, pressed into a pellet and
heated first for 24 hours at 850◦C and then for 24 hours
at 1250◦C (with intermediate grindings). The powders
were quenched to avoid the formation of other phases
like SrCrO4 and Sr10Cr6O24(OH)2 and were then pressed
3into a feed rod using a cold isostatic press (EPSI). The
single crystal growth was performed by the floating zone
technique, using a high temperature optical floating zone
furnace (Crystal Systems Inc. Model FZ-T-10000-H-VI-
VPO). An atmosphere of synthetic air was used to main-
tain the correct level of oxygen needed for the high oxi-
dation state of the Cr5+ and to reduce the moisture level
to prevent the growth of other phases. The resulting
samples were typically cylindrical with diameter ≈ 6mm
and length 35− 50mm. Further details of the growth of
Sr3Cr2O8 will be published elsewhere
18.
The static magnetic susceptibility and low field mag-
netization of Sr3Cr2O8 were measured using a supercon-
ducting quantum interference device (MPMS, Quantum
Design) at the Laboratory for Magnetic Measurements,
HZB. The samples had a volume of 3mm3 and the data
were collected with a magnetic field applied both paral-
lel and perpendicular to ch. The susceptibility measure-
ments were performed using a field of 3T over a temper-
ature range of 2− 300K. The high-field magnetization of
Sr3Cr2O8 was measured using a pulsed inductive mag-
netometer at the Hoch-Field-Institute in Dresden. The
measurements took place over a field range of 0 − 65T
and a variety of temperatures from 1.5 to 50K, again
both field directions (H⊥ch and H//ch) were measured.
The magnetic excitation spectrum was investigated
using inelastic neutron scattering. For an overview of
the excitation spectrum, powder measurements were per-
formed on the cold multidisc-chopper neutron time-of-
flight spectrometer V 3 − NEAT at the BER II re-
actor, HZB. The sample (mass = 9.5 g) was inserted
into a cylindrical aluminum container and mounted in-
side a standard orange cryostat. Data were collected
for incident wavelengths (energies) of 2 A˚(20.45meV),
2.5 A˚(13.09meV) and 3.2 A˚(7.99meV), resulting in a res-
olution at the elastic line (at 5.3meV energy trans-
fer) of 1.437meV (1.053meV), 0.742meV (0.448meV),
0.442meV (0.187meV) respectively. All the data were
collected at 2K and each scan was counted for approx-
imately 20 hours. A vanadium standard was used for
the detector normalization and empty can measurements
were used for the background subtraction.
For a detailed study of the magnetic dispersion, two
types of single crystal inelastic neutron scattering mea-
surements were performed. Firstly, using MERLIN19,
a direct geometry time-of-flight spectrometer at the
ISIS facility, Rutherford Appleton Laboratory, UK and
secondly the cold-neutron triple-axis-spectrometer V2-
FLEX at HZB. The MERLIN experiment allowed the
magnetic excitations to be measured over a large range of
energy and wavevector transfer and provided an overview
of the spectrum. Three single crystals of total mass 10 g,
were co-aligned with the ch axis vertical and cooled in
a closed cycle cryostat to a base temperature of 6 K.
A Fermi chopper was phased to select neutrons with an
incident energy of 10meV and was spun at a frequency
of 100Hz to achieve a resolution at the elastic line of
0.37meV. An omega scan was performed where the sam-
ple was rotated about the vertical axis in steps of 1◦
covering an angular range of 70◦ with a counting time
of 2 hours per step. A vanadium standard was used to
normalize the individual measurements for detector effi-
ciency and then the full data set was combined using the
program Horace20 to give the excitation spectrum over a
large volume of reciprocal space and energy transfer.
The measurements performed on V2-FLEX were used
to obtain high resolution data for accurate mapping of
the dispersion relations. Two separate experiments were
performed. For the first, a single crystal (mass= 3.7 g)
was oriented with the (hh, 0h, ℓh) plane as the instru-
mental scattering plane. For the second experiment two
co-aligned single crystals (total mass= 7.7 g) were used to
investigate the (hh, hh, ℓh) plane. An orange cryostat was
used to cool the sample and most of the measurements
were performed at 2K. A vertically-focusing Pyrolitic
graphite (PG) monochromator and horizontally-focusing
PG analyzer were used to select incident and final en-
ergies. A nitrogen-cooled beryllium filter was used be-
tween the sample and analyzer to remove λ/2 and higher
order reflections from the monochromator. The instru-
ment was operated in the W-configuration (+ − +) and
the collimator settings were guide-60′-open-open. The
measurements were performed with fixed final wavevec-
tors of kf = 1.2 A˚
−1 (2.98meV) and kf = 1.55 A˚
−1
(4.98meV). The resolution of the instrument, determined
from the full-width-half-maximum (FWHM) of the inco-
herent scattering was 0.09meV for kf = 1.2 A˚
−1 and
0.12meV for a kf = 1.55 A˚
−1. Constant-wavevector
scans were used to map out the magnon dispersions from
0 − 8meV in steps of 0.05meV. The average counting
time was 4 minutes per point.
III. RESULTS AND DISCUSSION
A. Static Susceptibility
The susceptibility of Sr3Cr2O8 is displayed in figure
2. The figure shows the results of the susceptibility with
the field applied both perpendicular and parallel to ch,
the two curves are slightly different suggesting a weakly
anisotropic g tensor as found for Ba3Cr2O8
12. The re-
sults reveal a broad maximum at 38K and a sharp drop
toward zero at lower temperatures as found in the previ-
ous powder measurement16. Such a susceptibility curve
is characteristic of a dimerized magnet with a singlet
ground state and gapped magnetic excitations. The sus-
ceptibility rises again at very low temperatures presum-
ably due to paramagnetic impurities. Note however that
this paramagnetic tail is smaller than in the previous
measurements16 suggesting a higher quality sample. Al-
together we expect three contributions to the suscepti-
bility,
χobs = χ0 + χimp + χinteracting−dimer . (1)
4The temperature independent term, χ0, is due to Van
Vleck paramagnetism and diamagnetic core suscepti-
bility and is expected to give a small contribution ∼
10−4 cm3/mol. The second term, χimp, is due to para-
magnetic impurities which are responsible for the Curie
tail at low temperatures and has the form:
χimp =
Cimp
T − θimp
, (2)
where Cimp is the Curie constant of the impurities and
θimp is their Curie-Weiss temperature. The third term,
χinteracting−dimer , is due to the coupled dimer arrange-
ment proposed for Sr3Cr2O8 and is modeled by
χinteracting−dimer =
3C/T
(3 + e(J0/kBT ) + J ′/T )
. (3)
This expression is described in references 16 and 21. It
is derived from the Bleaney-Bowers equation for spin-
1/2 dimers coupled by Heisenberg intradimer exchange
constant J0, and J
′ is the effective field on each spin due
to its couplings with the neighboring spins. In the case
of unfrustrated interdimer couplings J ′ is simply the sum
of the modulus of these couplings, which for Sr3Cr2O8
would be J ′ = (|J ′1|+ |J
′′
1 |+ |J
′′′
1 |)+2(|J
′
2|+ |J
′′
2 |+ |J
′′′
2 |)+
2(|J ′3| + |J
′′
3 | + |J
′′′
3 |) + (|J
′
4| + |J
′′
4 | + |J
′′′
4 |). However if
the interactions are competing due to frustration they
act against each other reducing the effective size of J ′.
The constant C is the Curie constant of this system.
The measured susceptibility data was fitted to Eqn.(1)
and good agreement was found over the full tempera-
ture range, see Fig. 2. The fitted parameters for the
data with the field perpendicular to the ch axis are χ0 =
2.32(5) × 10−4 cm3/mol, Cimp = 0.0465(5)cm
3K/mol,
θimp = −15.7(2)K, C = 0.875(2) cm
3K/mol, J0 =
5.517(2)meV, J ′ = 1.22(5)meV. The value of C corre-
sponds to an effective moment of 1.8(1)µB/Cr
5+, which
is close to the value of 1.72µB expected for spin-1/2
Cr5+ ions assuming a g-factor of 1.98 taken from a
previous EPR measurement22. The values obtained
from fitting the susceptibility data with the field par-
allel to the ch axis are: χ0 = 1.76(5) × 10
−4 cm3/mol,
Cimp = 0.0481(6) cm
3K/mol, θimp = −15.3(3)K,
C = 0.987(2) cm3K/mol, J0 = 5.512(3)meV, J
′ =
1.97(6)meV, giving µeff = 1.9(1)µB/Cr
5+.
Our values for the intradimer and interdimer exchange
interactions can be compared to the values of J0 =
5.17(1)meV and J ′ = 0.5(2)meV found previously by
Singh et al.16. While our fitted intradimer exchange con-
stant is in good agreement, our value of the interdimer
coupling is much greater. If the values of J0 and J
′ are
however fixed to those of Singh et al.16 we obtain a fit
that is almost as good as shown in Fig. 2. Furthermore
the values of J0 = 5.5512meV and J
′ = 3.583meV, ob-
tained by fitting our inelastic neutron scattering data to
a RPA model as described later in the text, where the
size of J ′ was found to be much larger, gave equally
good agreement to the data. Altogether our suscepti-
bility agrees well with a model of interacting spin-1/2
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FIG. 2: (Color online) Static susceptibility data measured
using the SQUID magnetometer for field applied both par-
allel and perpendicular to ch displayed along with the fitted
interacting dimer model given by Eq. (1).
dimers and gives an intradimer exchange constant of
J0 ≈ 5.5meV. However, it is unable to give accurate
information about the interdimer exchange coupling and
for that information we turn firstly to magnetization and
then inelastic neutron scattering.
B. High field magnetization
The high field magnetization of Sr3Cr2O8 reveals three
distinct regions, see Fig. 3. Below the critical field of
Hc = 30.9(4)T there is zero magnetization (the grad-
ual increase in magnetization observed in the 65 T mea-
surement (green line) is because this data has not been
background corrected). Between Hc and Hs = 61.9(3)T
the magnetization increases rapidly and smoothly, while
above Hs a magnetization plateau is observed at Ms =
1.97(3)µB/2Cr
5+. This is identified as the saturation
plateau since it is very close to the theoretical value of
2gsµBS = 1.98µB/2Cr
5+ (assuming g = 1.984).
The observed magnetization can be explained within
the proposed interacting dimer model of Sr3Cr2O8. In
this model the ground state is a singlet resulting in no
magnetization at low magnetic fields. The excitations
would form a gapped magnon mode which disperses be-
tween an upper and lower energy. The magnons possess
a spin of S = 1 and their triplet degeneracy is lifted by an
applied magnetic field. The critical field corresponds to a
Zeeman energy such that the gap is closed by the Sz = 1
magnons which start to populate the ground state; from
this we can deduce that Egap = gsµBHc = 3.54(5)meV.
The saturation field corresponds to the ground state be-
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FIG. 3: (Color online) Magnetization per 2Cr5+ ions as a
function of applied magnetic field. This measurement was
performed using a pulsed magnet at base temperature T =
1.5K and field applied both parallel and perpendicular to ch.
The data represented by the green line is not background
corrections.
ing fully occupied by excited dimers and occurs when the
Zeeman energy is equal to the upper edge of the disper-
sion, thus giving Eupper = gsµBHs = 7.09(4)meV.
The magnetization data are therefore consistent with
the model of interacting spin-1/2 dimers and suggests
that the excitations are centered around 5.3meV and
disperse over a bandwidth of 3.55meV. Since in unfrus-
trated dimerized magnets the bandwidth is equal to J ′
(the sum of the modulus of the interdimer exchange con-
stants) the significant bandwidth revealed by the mag-
netization suggests substantial interdimer couplings with
J ′ ≈ 3.55meV. Finally it should be noted that the ab-
sence of any intermediate magnetization plateau is in
contrast to the findings for some other gapped magnets
that are highly frustrated e.g. SrCu2(BO3)2 which has
steps in its magnetization. This result is however in
agreement with related compound Ba3Cr2O8.
C. Powder inelastic neutron scattering
In order to learn more about the magnetic excitations
of Sr3Cr2O8 we performed inelastic neutron scattering
measurements on a powder sample. Figure 4 shows
data collected on NEAT at 2K plotted as a function
of wavevector transfer |Q| and energy transfer E. The
spectrum reveals a band of gapped excitations centered
at ∼5.5meV. The measured neutron scattering intensity
reduces with increasing |Q| confirming the magnetic na-
ture of the excitations. Figure 5 gives the spectrum in-
tegrated over the wavevector range 1.5 < |Q| < 3.5 A˚−1
and plotted as a function of energy, and clearly shows
that within resolution, Egap = 3.4(3)meV and Eupper =
7.10(5)meV. These results are in good agreement with
the values obtained from our magnetization measure-
ments and confirm the picture of interacting dimers giv-
ing rise to gapped and dispersive magnon excitations.
Additional measurements using a smaller incident energy
of 7.99meV were performed to probe the lower energy re-
gion more carefully and confirm the complete absence of
magnetic scattering below 3.5meV as shown in the inset
of Fig.5.
FIG. 4: (Color online) The left panel shows the inelastic neu-
tron scattering data measured on a powder sample. The data
was collected on NEAT at 2K and the incident energy was
13.08meV. Black line is a guide to the eye to highlight the
lower edge of the excitation band. The right panel shows the
RPA simulation over the same energy and wavevector ranges.
The |Q| averaging due to the powder sample prevents
exact determination of the dispersion relations; however
some information can be gained by looking at the lower
edge of the excitation band. A minimum in the excitation
spectrum occurs at |Q| = 0.87 A˚−1, which corresponds to
the reciprocal lattice point (1/2h, 0h, 1h) (see black line
in Fig.4), and further minima are observed e.g. at |Q| =
1.48 A˚−1 suggesting that the minima of the dispersion
occur at (hh/2, 0h, ℓh) where hh and ℓh are integer, as
well as symmetry equivalent positions.
Information about the relative importance of the var-
ious magnetic couplings in Sr3Cr2O8 can be extracted
from the data by using the first moment sum rule23. For
an isotropic spin system where the magnetic ions are cou-
pled by Heisenberg exchange interactions, the first mo-
ment 〈E〉 of the scattering function, S(Q,ω), is given by
〈E〉 = h¯2
∫
∞
ω=−∞
ωS(Q, ω)dω
∝ −
∑
i
Ji 〈S0 · Sdi〉 (1 − cos(Q · di)). (4)
In this equation Ji is the exchange constant coupling
the ith nearest neighbor spins, di is their separation and
|〈S0.Sdi〉| is the two spin correlation function for this pair.
From this expression it is clear that each coupling con-
stant Ji produces a modulation in the first moment with
a periodicity depending on the separation di of the spins.
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FIG. 5: (Color online) The data (blue circles) and RPA
simulation (magenta line) from Fig. 4, integrated over the
wavevector range 1.5 < |Q| < 3.5 A˚−1 and plotted as a func-
tion of energy. The dashed lines indicate the bandwidth of
the excitations. The inset shows the lower energy region and
reveal the clean energy gap (∆), this data was taken with an
incident energy of 7.9meV and the cut is over the wavevector
range of 0.6 < |Q| < 1.5 A˚−1.
Thus by fitting this expression to the first moment of
the data it should be possible to identify the dominant
exchange paths.
For comparison to the powder measurement of
Sr3Cr2O8 it is necessary to take the powder average and
include the magnetic form factor of Cr5+ , fCr5+(|Q|),
such that
〈E〉 ∝
∑
i
Ji 〈S0 · Si〉 |fCr5+(|Q|)|
2
(
1−
sin(|Q| |di|)
|Q| |di|
)
.
(5)
The possible interactions for the monoclinic phase of
Sr3Cr2O8 are illustrated in figure 1, however since the
set of distances d′i, d
′′
i and d
′′′
i (i 6= 0) are almost equal it
is not possible to distinguish between them in the fitting
and we therefore replace these distances by the average
distance di (d0 = 3.8448 A˚, d1 = 4.3172 A˚, d2 = 5.5718 A˚,
d3 = 6.7696 A˚). The expression then becomes
〈E〉 ∝ −
3∑
i=0
Ai |fCr5+(|Q|)|
2
(
1−
sin(|Q| |di|)
|Q| |di|
)
. (6)
Where the terms A0 and Ai are
A0 = J0 〈S0 · Sd0〉 (7)
Ai = J
′
i
〈
S0 · Sd′
i
〉
+ J ′′i
〈
S0 · Sd′′
i
〉
+ J ′′′i
〈
S0 · Sd′′′
i
〉
(8)
An expression for the form factor of Cr5+ could not be
found in the literature, we therefore estimated it by ex-
trapolation from the known form factors for Cr4+ and
V4+ to be
|fCr5+(|Q|)|
2
=
∣∣∣Ae−as2 +Be−bs2 + Ce−cs2 +D
∣∣∣2 (9)
where s = |Q| /4π and the constants are A = −0.2602,
a = 0.03958, B = 0.33655, b = 15.24915, C = 0.90596,
c = 3.2568 and D = 0.0159. The data, multiplied by
energy transfer and integrated over the energy to give
the first moment is shown in Fig. 6 as a function of
wavevector. The theoretical expression in equation (6)
was then fitted by varying the quantities A0 and Ai and
the best fit, shown by the green line, corresponds to fitted
values A0 = 402(3), A1 = −24(5), A2 = −24(4), A3 =
−45(4).
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FIG. 6: (Color online) The data (blue circles) and RPA simu-
lation (magenta line) from Fig. 4, multiplied by energy trans-
fer and integrated over energy. The green line gives the fit to
the first moment sum rule, Eqn (6).
The results reveal that, as expected, the dominant ex-
change constant of Sr3Cr2O8 which is responsible for cou-
pling the spins into dimers is the intrabilayer interaction,
J0. Indeed the quantity A0 is more that an order of mag-
nitude greater than the other Ai values, clearly identify-
ing it as the main interaction. Unfortunately it is not
possible to obtain the absolute values of the exchange
constants using this method as the fitted quantities also
depend on the spin correlation functions. Nevertheless
it is clear that there are significant interdimer interac-
tions and that Sr3Cr2O8 can be viewed as a network of
dimers coupled both along the ch axis and within the
distorted ‘hexagonal’ plane. These results can be com-
pared to the inelastic neutron scattering measurements
of Chapon et al.17 which were also performed on a pow-
der sample. A gapped band of excitations was observed
centered at an energy of 5.46meV in agreement with our
data. The FWHM of this band was found to be 2.1meV
7although values of the gap and upper boundary were not
found due to the poorer energy resolution of their mea-
surement.
In order to gain more information about the exchange
paths in Sr3Cr2O8 it is necessary to measure the magnon
dispersions along specific directions in reciprocal space,
since only in this way can the set of interactions J ′i , J
′′
i
and J ′′′i be distinguished from each other and their values
accurately determined. This can be achieved by inelastic
neutron scattering measurements from a single crystal
sample and is the subject of the next section.
D. Single crystal inelastic neutron scattering
1. Merlin data
Single crystal inelastic neutron scattering experiments
were performed at 6K on the MERLIN spectrometer al-
lowing us to measure the magnetic excitations over a
large region of reciprocal space. Figures 7 and 8 show
slices through this dataset where the intensity has been
summed over the range −3 < ℓh < 0. Figure 7 shows the
full extent of the dispersion and figure 8 shows the mea-
sured intensity at a constant energy transfer of 6meV. A
complicated excitation spectrum is revealed consisting of
three excitation branches. The presence of three modes
rather than one confirms the Jahn-Teller distortion pro-
posed by Chapon et al.17 from diffraction measurements.
This structural phase transition gives rise to three mon-
oclinic twins each of which produces a separate mode. In
agreement with the powder data, the dispersion curves
have a gap of 3.4meV and a maximum energy of 6.9meV.
The minima and the maxima occur at the midpoints of
the faces of the hexagonal Brillouin zone, equivalent to
(1/2h, 1/2h, 0h).
In addition to the observed one-magnon scattering,
two-magnon scattering is also expected where the neu-
tron creates two magnons simultaneously. Such scatter-
ing would be centered at twice the average one-magnon
energy (≈ 10.4meV) and with a bandwidth that is the
same as the one-magnon bandwidth (8.7-12.1meV). The
two magnon cross-section is expected to be considerably
weaker than the one-magnon cross-section, but neverthe-
less observable. Figure 9 shows the measured scattering
intensity as a function of energy transfer integrated over
the wavevector range −0.2 < hh < 0.2, −1 < kh < 1,
−1 < ℓh < 1. In this region of reciprocal space the inten-
sity of the two-magnon scattering is strongest while that
of the one-magnon is weaker. The two magnon peak is
clearly observable at ≈ 10.5meV. Both one- and two-
magnon signal show some structure because of the lim-
ited integration range of the data.
FIG. 7: (Color online) Sections of the MERLIN data set dis-
playing the dispersion as a function of energy and wavevector
in the hexagonal (a∗h, b
∗
h)-plane and integrated over c
∗
h, from
-3 to 0 r.l.u. The solid black hexagon indicates the hexagonal
Brillouin Zone.
FIG. 8: (Color online) Slice showing the scattering for energy
transfer 5.9meV as a function of wavevector in the hexagonal
(a∗h, b
∗
h)-plane, integrated over c
∗
h, from -3 to 0 r.l.u. The solid
black hexagon indicates the hexagonal Brillouin Zone.
2. V2-Flex data
In order to make an accurate determination of the ex-
change constants, high resolution single crystal inelastic
neutron scattering experiments at 2K were performed
using V2-FLEX. The excitation spectrum was mapped
out by scanning the energy transfer at constant wavevec-
tor within the (hh, 0h, ℓh) and (hh, hh, ℓh) planes. Key
scans are shown in Fig. 10. As found for the MER-
LIN data, three peaks were observed at general wavevec-
tors corresponding to the three twinned domains see Fig.
10b. These excitations disperse in all directions showing
that the interdimer couplings are three-dimensional. The
8FIG. 9: (Color online) 1− and 2−magnon scattering mea-
sured at T = 6K with incident neutrons of energy 25meV
pointing in the (1h,1h,0h) direction. The data is integrated
over the wavevector ranges −0.2 < hh < 0.2, −1 < kh < 1,
−1 < ℓh < 1. Lines are guides to the eye.
branches merge together in the center of the hexagonal
Brillouin zone (Γ point), and are degenerate when hh and
kh are integer so that a single mode is observed as a func-
tion of ℓh see Fig. 10a. The bandwidth of the dispersion
in this direction gives the interbilayer coupling.
The peaks were fitted to Lorentzians to obtain their
positions, (solid lines in Fig. 10) and thus map out the
dispersion relations of the three twinned domains as a
function of energy and wavevector. Figure 11 illustrates
the dispersions in various reciprocal lattice directions.
The green circles give the excitation energies extracted
from each scan and the lines are fits to the RPA model
which will be explained in the next section. The three
lines (magenta, black and blue) represent the three twins
which are rotated by 60◦ with respect to each other about
the c∗h-axis. The dispersion of Twin 1 (blue line) is the
same as that of Twin 2 (magenta line) 60◦ away in recip-
rocal space and the same as that of Twin 3 (black line)
120◦ away.
The relationship between the hexagonal structure and
three monoclinic twins is given in Table 1 where the
transformations for both the real and reciprocal lattices
are listed. Figure 12 illustrates these relationships pro-
jected onto the ‘hexagonal’ plane, where the original
hexagonal lattice is draw in red, and the monoclinic twins
are shown in blue, magenta and black. From figure 12b
it is clear that the corners of the monoclinic Brillouin
zones sit at the midpoints of the faces of the hexagonal
Brillouin zone (M points). For example, the M point
at (1/2h, 1/2h, 0h) is at the corner of the Brillouin zone
of monoclinic Twins 2 and 3, but is at the center of the
Brillouin zone of Twin 1. At this wavevector the peak
from Twin 2 is at the dispersion minimum while that
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FIG. 10: (Color online) Constant-wavevector scans in the
(a)(0h, 0h, ℓh) and (b)(hh, hh, 3h) directions measured at 2K.
The solid lines are fits to Lorentzian functions.
from Twin 3 is at the dispersion maximum and that from
Twin 1 is at the center of the bandwidth, see Fig. 11.
An equivalent way to generate the twins is by permuting
each set of exchange constants {J ′i , J
′′
i , J
′′′
i }, in this way
the dispersion of Twin 1 can be transformed into that of
the other two twins.
In a strongly dimerized system such are Sr3Cr2O8 the
intensity of the excitations is dominated by the dimer
structure factor which is of the form:
|fCr5+(|Q|)|
2
(1− cos(2πℓhd0/ch)). (10)
Since the dimer separation d0 is parallel to the ch-axis we
expect an intensity modulation as a function of wavevec-
tor transfer along the ℓh axis. The colored symbols in
Fig. 13a show the intensity of the excitations in the
(0h, 0h, ℓh) direction extracted by fitting the peaks ob-
served in the energy scans (Fig. 10a) to Lorentzians. The
intensity is found to modulate with a distinctive mini-
mum at ℓh = 5.5 r.l.u., and comparison to the theoretical
9TABLE I: The relationship between the hexagonal lattice parameters and those of the three monoclinic twins is given as well
as the relationship between the hexagonal and monoclinic reciprocal spaces.
Real Space
Twin1 (am1, bm1, cm1) am1 = ah − bh bm1 = ah + bh cm1 = ah/3− bh/3 + 2ch3
Twin2 (am2, bm2, cm2) am2 = 2ah + bh bm2 = bh cm2 = 2ah/3 + bh/3 + 2ch3
Twin3 (am3, bm3, cm3) am3 = ah + 2bh bm3 = −ah cm3 = ah/3 + 2bh/3 + 2ch3
Reciprocal Space
Twin1 (a∗m1, b
∗
m1, c
∗
m1) a
∗
m1 = a
∗
h/2− b
∗
h/2− c
∗
h/2 b
∗
m1 = a
∗
h/2 + b
∗
h/2 c
∗
m1 = 3c
∗
h/2
Twin2 (a∗m2, b
∗
m2, c
∗
m2) a
∗
m2 = a
∗
h/2− c
∗
h/2 b
∗
m2 = −a
∗
h/2 + b
∗
h c
∗
m2 = 3c
∗
h/2
Twin3 (a∗m3, b
∗
m3, c
∗
m3) a
∗
m3 = b
∗
h/2− c
∗
h/2 b
∗
m3 = −a
∗
h + b
∗
h/2 c
∗
m3 = 3c
∗
h/2
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FIG. 11: (Color online) Dispersion relation. The blue, ma-
genta and black lines correspond to the fitted dispersion rela-
tions of the three monoclinic twins. The green points are the
fitted centers of the peaks measured on FLEX. The wavevec-
tors on the x-axis are labeled using the hexagonal notation.
FIG. 12: (Color online) (a) Relation between the hexagonal
and monoclinic real spaces. Red: hexagonal lattice. Blue: lat-
tice of monoclinic twin 1. Magenta: monoclinic twin 2. Black:
monoclinic twin 3. (b) Relationship between the hexagonal
and monoclinic reciprocal spaces, projected onto the hexago-
nal plane, using the same color coding.
expression (orange line) suggests that the dimer separa-
tion is ch/5.5 = 3.67 A˚ in good agreement with the near-
est neighbor Cr5+-Cr5+ distance d0 = 3.7140(4) A˚. This
modulation therefore provides yet further evidence that
Sr3Cr2O8 is a system of coupled dimers
24. Finally we
performed a higher temperature measurement at 75K.
Figure 13b shows the comparison between the data at
2K and 75K which is well above the temperature of the
maximum in the magnetic susceptibility (see Fig. 2).
At 75K most of the intensity has vanished clarifying the
magnetic origin of this excitation.
IV. ANALYSIS
In order to develop a better understanding of the ex-
change interactions in Sr3Cr2O8 we compared the ex-
tracted dispersion relations to a Random Phase Approx-
imation (RPA) based on the dimer unit. In this model
the dispersion relation is10.
h¯ω ∼=
√
J20 + J0γ(Q) (11)
γ(Q) =
∑
i
J(Ri)e
−iQ·Ri (12)
where γ(Q) is the Fourier sum of the interdimer interac-
tions. For monoclinic twin 1, γ(Q) is given by
γ(hh, kh, ℓh)Twin1 = 2J
′
1cos
(
2
3
π(2hh + kh + ℓh)
)
+2J ′′1 cos
(
2
3
π(−hh + kh + ℓh)
)
+2J ′′′1 cos
(
2
3
π(−hh − 2kh + ℓh)
)
+2(J ′2 − J
′
3)cos(2πhh) + 2(J
′′
2 − J
′′
3 )cos(2πkh)
+2(J ′′′2 − J
′′′
3 )cos(2π(hh + kh))
+2J ′4cos
(
2
3
π(2hh + 4kh + ℓh)
)
+2J ′′4 cos
(
2
3
π(2hh − 2kh + ℓh)
)
+2J ′′′4 cos
(
2
3
π(−4hh − 2kh + ℓh)
)
, (13)
where we have included the set of 4th order interactions
J ′4, J
′′
4 , J
′′′
4 which were found to be significant in the anal-
ysis of Ba3Mn2O8. Note that in this model it is not pos-
sible to distinguish between the sets J ′2, J
′′
2 , J
′′′
2 and J
′
3,
10
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FIG. 13: (Color online) (a) Fitted intensity of the magnon
in the (0h, 0h, ℓh) direction. (b) Comparison of the peak at
Q = (0h, 0h, 3.2h) at 2K and 75K.
J ′′3 , J
′′′
3 and only the difference between these exchange
parameters matters i.e. J ′2 − J
′
3 etc. Also note that the
minus sign expresses the fact that J ′2 and J
′
3 compete
if they have the same sign (e.g. both antiferromagnetic)
but reinforce each other if they have different signs. γ(Q)
for the other twins can be generated from that of twin 1
by permuting the exchange constants as follows
{
J ′1,2−3,4, J
′′
1,2−3,4, J
′′′
1,2−3,4
}
Twin1
→
{
J ′′1,2−3,4, J
′′′
1,2−3,4, J
′
1,2−3,4
}
Twin2
→
{
J ′′′1,2−3,4, J
′
1,2−3,4, J
′′
1,2−3,4
}
Twin3
In this way the magnetic excitations for all three twins
can be calculated. The RPA model was compared to the
dispersion relations extracted from the V2-FLEX data
(see Fig. 11). In these experiments the excitations were
measured in two planes the (hh, 0h, ℓh) and (hh, hh, ℓh)
and for these specific planes equation 13 reduces to:
γ(hh, 0h, ℓh)Twin1 = 2J
′
1cos
(
2
3
π(2hh + ℓh)
)
+(2J ′′1 + 2J
′′′
1 )cos
(
2
3
π(−hh + ℓh)
)
+(2(J ′2 − J
′
3) + 2(J
′′′
2 − J
′′′
3 ))cos(2πhh) + 2(J
′′
2 − J
′′
3 )
+(2J ′4 + 2J
′′
4 )cos
(
2
3
π(2hh + ℓh)
)
+2J ′′′4 cos
(
2
3
π(−4hh + ℓh)
)
(14)
and
γ(hh, hh, ℓh)Twin1 = 2J
′
1cos
(
2
3
π(3hh + ℓh)
)
+2J ′′1 cos
(
2
3
π(ℓh)
)
+ 2J ′′′1 cos
(
2
3
π(−3hh + ℓh)
)
+2((J ′2 − J
′
3) + 2(J
′′
2 − J
′′
3 ))cos(2πhh)
+2(J ′′′2 − J
′′′
3 )cos(4πhh) + 2J
′
4cos
(
2
3
π(6hh + ℓh)
)
+2J ′′4 cos
(
2
3
πℓh
)
+ 2J ′′′4 cos
(
2
3
π(−6hh + ℓh)
)
.
(15)
These equations can be simplified further if scans along
key directions are considered, e.g. for directions where hh
and kh are integers and ℓh varies, the set of interactions
J ′2−J
′
3, J
′′
2 −J
′′
3 , J
′′′
2 −J
′′′
3 do not modulate the structure
but only give an overall constant, thus allowing us to
obtain the interactions J0, J
′
1, J
′′
1 , J
′′′
1 and J
′
4, J
′′
4 , J
′′′
4 .
The directions with hh and kh half-integer were then used
to get the values for J ′2−J
′
3, J
′′
2 −J
′′
3 , J
′′′
2 −J
′′′
3 . The fitted
exchange constants are listed in Table 2 and the resulting
dispersion relations for the three monoclinic twins are
illustrated in figure 11 and clearly show that this model
provides a good approximation to the data.
The neutron scattering cross-section from these modes
can also be calculated in the RPA model and is given by
d2σ(Q, E)
dΩdE
≈
|fCr5+(|Q|)|
2
(1− cos(2πℓhd0ch ))e
(−(E−h¯ω)2/∆E2)
h¯ω(1− eE/kBT )
(16)
Where E is the energy transfer, ∆E is the energy reso-
lution of the instrument which is assumed to be Gaus-
sian and T is the temperature. The cosine term comes
from the structure factor of a single dimer (see equation
(10)). Using the fitted values of the exchange constants
(from Table 2), a simulation was performed of the MER-
LIN experiment. Figure 14 shows good agreement be-
tween the data and the simulation for various slices. The
RPA model along with the fitted exchange constants was
also used to reproduce the data from the inelastic pow-
der measurement performed on V3-NEAT as shown in
Fig. 4 (right panel). Cuts as a function of energy and
11
TABLE II: The exchange constants in units of meV extracted from the RPA model, compared to the values for Ba3Cr2O8 and
Ba3Mn2O8. Antiferromagnetic interactions are positive while ferromagnetic interactions are negative.
Exchange Constants Sr3Cr2O8 Ba3Cr2O8
10 Ba3Mn2O8
7
J0 5.551(9) 2.38 1.642
J ′1 -0.04(1) -0.15 -0.118
J ′′1 0.24(1) 0.08 -0.118
J ′′′1 0.25(1) 0.10 -0.118
J ′2 − J
′
3 0.751(9) 0.10 0.256-0.142
J ′′2 − J
′′
3 -0.543(9) -0.52 0.256-0.142
J ′′′2 − J
′′′
3 -0.120(9) 0.07 0.256-0.142
J ′4 0.10(2) 0.10 -0.037
J ′′4 -0.05(1) 0.04 -0.037
J ′′′4 0.04(1) 0.09 -0.037
J ′ = |J ′1|+ |J
′′
1 |+ |J
′′′
1 |+ |J
′
4|+ |J
′′
4 |+ |J
′′′
4 | J
′ = 3.6(1) J ′ = 1.94 J ′ = 1.147
+2(|J ′2 − J
′
3|) + 2(|J
′′
2 − J
′′
3 |) + 2(|J
′′′
2 − J
′′′
3 |) J
′/J0 = 0.6455 J
′/J0 = 0.8151 J
′/J0 = 0.6983
wavevector were performed on this simulation and com-
pare well to the data see figures 5 and 6. Finally, the fit-
ted interactions were used to calculate the effective field
J ′ = 3.583meV (see Table 2) which was used along with
the fitted value of J0 to simulate our susceptibility data
using equation 3. This simulation is shown in figure 2
and is consistent with the data.
FIG. 14: (Color online) Shows slices of the Merlin Data (left
panels) and the RPA simulation (right panels) for the direc-
tions (0h, 1h, ℓh) and (−0.5h, 1h, ℓh), with Ei =10meV and
6K.
V. DISCUSSION
Our DC susceptibility, high field magnetization and
inelastic neutron scattering results provide a consistent
picture of Sr3Cr2O8 as a dimerized spin-1/2 antiferro-
magnet. The intradimer exchange constant is identified
as the intrabilayer interaction J0 which has a value of
5.55meV as found from both susceptibility and inelas-
tic neutron scattering. This dimerization gives rise to a
singlet ground state and gapped one-magnon excitations.
There are in addition significant interdimer interactions
that allow the dimer excitations to hop and develop a
dispersion. The dispersion of the one-magnon mode pro-
duces a bandwidth extending between the gap energy of
3.5meV and the maximum value of 7.0meV as found by
magnetization and inelastic neutron scattering. A sec-
ond band due to two-magnon excitations was also found
centered at 10.5meV. The inelastic neutron scattering
data was fitted to a RPA model based on the dimer unit
and the intradimer and interdimer interactions were de-
termined.
Our results can be compared to previous experimen-
tal work on Sr3Cr2O8. Y. Singh and D.C. Johnston
16
measured the DC susceptibility and obtained a value of
J0 = 5.17(1)meV in good agreement with our value. In
contrast their value for the sum of the interdimer ex-
change constants is J ′ =0.5(2)meV, which, while consis-
tent with our best fit value from susceptibility, is much
smaller than our more accurate value of J ′ = 3.6(1)meV
obtained from magnetization and inelastic neutron scat-
tering. Inspection of the fitting process shows that the
susceptibility data can however be well modeled by a wide
range of J ′ values including J ′ = 3.6(1)meV.
Chapon et al.17 show from diffraction measurements
that Sr3Cr2O8 undergoes a Jahn-Teller distortion result-
ing in a lowering of the crystal symmetry to monoclinic.
This distortion would produce spatially anisotropic ex-
change interactions and result in three twinned domains
of equal volume below the phase transition. Our re-
sults are consistent with this distortion since we ob-
serve three excitation modes arising from the three twins
and our fitted exchange interactions are indeed spatially
anisotropic. The exchange interactions in Sr3Cr2O8 have
been calculated theoretically using the Extended Hu¨ckel
Tight Binding Model17 and the theoretical value of J ′/J0
is 0.11, which is much smaller than our experimentally
determined value for this ratio of 0.6455. Finally, Chapon
12
et al. used powder inelastic neutron scattering measure-
ments to show that the intradimer interaction is the in-
trabilayer interaction with a value of J0 = 5.46meV in
good agreement with our value, however the size of the in-
terdimer interactions could not be obtain from the band-
width of the excitations due to the low resolution of the
measurement.
Our results can be compared to those for the related
compounds Ba3Mn2O8 and Ba3Cr2O8. The magnetic
ion Mn5+ has spin-1 compared to spin-1/2 for Cr5+,
and is not Jahn-Teller active, as a result Ba3Mn2O8
retains hexagonal symmetry down to low temperatures
and the interactions remain frustrated. A single one-
magnon excitation branch is observed with minima at
(1/3h, 2/3h, 1/2h) and equivalent positions
7. In con-
trast Ba3Cr2O8 like Sr3Cr2O8 undergoes a Jahn-Teller
distortion to monoclinc symmetry leading to spatially
anisotropic exchange interactions and three excitation
branches arising from the three twinned domains with
minima at the (1/2h, 1h, 0h) etc positions.
The values of intradimer interaction J0 are smaller in
the Ba compounds being 1.64meV for Ba3Mn2O8
7 and
2.38meV for Ba3Cr2O8
10. This may simply be due to
the intradimer distance which is greater for Ba3Cr2O8
(3.934 A˚) and Ba3Mn2O8 (3.984 A˚) than for Sr3Cr2O8
(3.842 A˚) allowing better overlap of orbitals. The sizes
of the interdimer exchange constants are also on aver-
age smaller in these compounds although the ratio of in-
tradimer to interdimer couplings is larger. In Ba3Cr2O8
J ′ = 1.94meV, and J ′/J0 = 0.8151 while for Ba3Mn2O8
J ′/J0 = 0.6983 showing that the ratio of excitation band-
width to the average mode energy is greater than in
Sr3Cr2O8 where J
′/J0 = 0.6455. Finally the spin gap of
Sr3Cr2O8 is 3.5meV and is thus significantly larger than
that of Ba3Mn2O8 (1.08meV) and Ba3Cr2O8(1.38meV).
Plenty of additional work on Sr3Cr2O8 is needed to
fully understand this system. Optical absorption mea-
surements are currently underway to measure the or-
bital energy level diagram and confirm the orbital or-
dering proposed by Chapon et al.17. Electron Paramet-
netic resonance (EPR) is also taking place to determine
the g-tensor and to search for higher order terms in the
Hamiltonian e.g. Dzyaloshinskii-Moriya interactions11.
We also plan Raman scattering measurements to fur-
ther investigate the magnetic excitation spectrum and in
particular the multi-magnon features, and magnetostric-
tion measurements to study the magneto-elastic cou-
pling. Finally Sr3Cr2O8 is a candidate compound for
Bose-Einstein condensation of magnons, where an ap-
plied magnetic field of Hc = 30.9(4)T is required to
close the spin gap and start condensing magnons in the
ground state, while full saturation is achieved at a field
of Hs = 61.9(3)T. Very recently an interesting new pa-
per was reported on the LANL preprint server13 describ-
ing heat capacity and the magnetocaloric effect measure-
ments performed at high magnetic fields to map out the
phase diagram as a function of field and temperature.
The extracted critical exponent of the ordering temper-
ature as a function of reduced field around Hc is indeed
in agreement with the universality class predicted for
a three-dimensional Bose-Einstein Condensate and mea-
surements of the critical exponents at the upper critical
field are in progress.
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